The aim of this study was to examine how a daytime nap affected the consolidation of fear learning. Participants first underwent fear conditioning during which they were exposed to a large and a small circle. One of these was repeatedly paired with an electric shock (making it the CS+), whereas the other circle was never paired with the shock (the CS−). After a delay interval containing either a nap or wake, participants again viewed the CS+ and the CS− intermixed with eight novel circles that varied in size between the two stimuli seen before, as well as a blue triangle that served as a novel stimulus without prior fear relevance. We examined both fear retention (the difference between the CS+ and the CS−) and fear generalization (responses to the novel stimuli based on their similarity to the original CS+). Contrary to previous studies, results from the participants who acquired a differentiated fear response during the acquisition phase revealed that the wake group showed significantly larger skin conductance responses to the CS+ compared to the CS−, whereas no such difference was present in the sleep group. These results were not driven by differences in explicit memory or by differences in general reactivity. Analyzing responses to the novel stimuli revealed a tendency towards a more generalized response in the sleep group, with no differences between the CS+ and any other stimulus, whereas the wake group showed increased responses to the stimuli depending on their similarity to the original CS+. This effect was however only present when controlling for baseline differences in worry.
Introduction
Sleep has been found to be involved in both memory consolidation (for review see Rasch & Born, 2013) and emotional processing (for reviews see Bennion, Payne, & Kensinger, 2015; Deliens, Gilson, & Peigneux, 2014; Genzel, Spoormaker, Konrad, & Dresler, 2015; Kahn, Sheppes, & Sadeh, 2013; Pace-Schott, Germain, & Milad, 2015) . The rapidly growing body of research on how sleep affects emotional memories has resulted in the question if sleep deprivation could be beneficial in the aftermath of a negative emotional experience. In order to answer this question, we need to know if sleep, as compared to wake, will strengthen the memory of the experience, as well as how postlearning sleep will alter the emotional reactivity associated with the event. This topic has frequently been examined using fear conditioning paradigms (Davidson, Carlsson, Jönsson, & Johansson, 2016; Graves, Heller, Pack, & Abel, 2003; Kumar & Jha, 2012; Marshall, Acheson, Risbrough, Straus, & Drummond, 2014; Menz et al., 2013; Menz, Rihm, & Büchel, 2016; Silvestri & Root, 2008; Spoormaker et al., 2010 Spoormaker et al., , 2012 . In these paradigms, a previously neutral stimulus (most often an image or a tone) is presented together with an aversive stimulus (most often an electric shock). After repeated paired presentations of these two stimuli, the previously neutral stimulus starts to elicit a fear response all by itself, making it a fear conditioned stimulus (CS+). There is also another stimulus that is never paired with the aversive stimulus (the CS−). By placing fear learning before a delay interval containing either sleep or wake, and after that again expose the participants to the CS + and the CS−, it is possible to measure how sleep, as compared to wake, alters the emotional reactivity to the CS+ . It is further possible to examine if sleep and wake differently affect explicit memory for which stimulus that respectively functioned as the CS+ and the CS−.
When determining if sleep after fear learning is adaptive or not, it is further important to know if sleep qualitatively changes the memory, beyond just strengthening it. Sleep has been suggested to not just passively consolidate memories in their veridical form, but to also extract their gist at the expense of the specific details. This would make the memory more applicable in novel, but similar, situations (for review and meta-analysis see Landmann et al. (2014) and Chatburn, Lushington and Kohler (2014) respectively). In fear learning paradigms, this can be examined by adding novel stimuli that are similar, but not identical, to the original CS+ during the re-test. If sleep has a role in abstracting the gist of the experience at the expense of the exact details, this would predict increased generalization of fear learning to stimuli https://doi.org/10.1016/j.nlm.2018.03.005 Received 29 June 2017; Received in revised form 26 February 2018; Accepted 5 March 2018 that are similar to the CS+ after sleep. Payne, Stickgold, Swanberg and Kensinger (2008) found support for such a function of sleep, where it abstracted the emotional gist of an experience, without strengthening the neutral details that had surrounded it during encoding.
Fear generalization is to a certain degree highly adaptive. It is important that stimuli that are similar to something that has previously been associated with an aversive experience elicit a fear response as well. Having fear responses to stimuli that are only very remotely similar to the original CS+ (i.e. overgeneralization), is however highly problematic, and a common feature in many anxiety disorders (Kheirbek, Klemenhagen, Sahay, & Hen, 2012) . This makes generalization a very important aspect when it comes to forming an opinion on the role of sleep in the immediate aftermath of a negative emotional experience.
Studies on the role of sleep in the consolidation of fear learning and generalization have so far reported inconsistent findings. In the rodent literature, two kinds of conditioning paradigms have been utilized. In cued fear conditioning, as described above and which was used in the present study, the aversive stimulus is always preceded by or paired with a neutral stimulus. In contextual fear conditioning paradigms, the aversive stimulus is not preceded by a cue but just appears randomly as the animal spends time in a certain environment (i.e. a cage), making the entire context associated with the aversive stimulus. This causes the animal to have a fear response (i.e. freezing) not to a specific cue but to the entire context. Kumar and Jha (2012) found sleep deprivation after cued fear learning to result in decreased fear responses when the animals were re-exposed to the cue. Graves et al. (2003) however, found sleep deprivation to decrease the retention only of contextual, but not of cued, fear learning. This effect of sleep deprivation resulting in decreased retention of contextual fear learning has been found in several other studies (Cohen et al., 2012; Hagewoud, Bultsma, Barf, Koolhaas, & Meerlo, 2011; Hagewoud et al., 2010; Vecsey et al., 2009) . Other rodent studies focusing on the effect of sleep on the retention of fear learning have examined the specific contribution of Rapid Eye Movement (REM) sleep through selective REM deprivation. Silvestri and Root (2008) found REM deprivation to result in more freezing when reexposed to the conditioned cue. Ravassard et al. (2016) however, used a contextual fear conditioning paradigm and found decreased freezing after REM deprivation. and a correlation between freezing during the re-test and REM duration during the preceding sleep interval.
Studies in humans have revealed similarly inconsistent results. Menz et al. (2013) found sleep to increase the difference between the CS+ and the CS− through decreasing fear responses to the CS−. The difference in responses between the CS+ and the CS− in the sleep group correlated with the duration of time spent in REM sleep during the night. A subsequent study found this group difference to be evident when comparing sleep in the second half of the night (late sleep, which is rich in REM sleep) with late wake, but not when comparing early sleep (which has less REM sleep) with early wake (Menz et al., 2016) . This study showed no correlation between differences in fear responding to the CS+ and the CS− and the duration of REM sleep. Marshall et al. (2014) did not have a wake control group but found REM duration to be positively correlated with the difference in responses between the CS+ and the CS−. Spoormaker et al. (2010) showed that the participants who had entered REM sleep during a post fear learning nap, compared to those who did not, showed smaller responses to the CS+ compared to the CS−. This effect was however only present during one of the trial blocks. This study also revealed that participants who had lower responses to the electric shock itself during fear learning had less REM sleep, arguing that perhaps the presence of REM sleep is not causal for decreased reactivity but rather represents a marker of general lower emotional reactivity.
Another argument for that sleep would affect the difference between the CS+ and the CS− comes from the literature on the role of sleep in fear extinction (the process where a CS+ is repeatedly shown in the absence of the aversive stimulus, which eventually after repeated exposures results in a decreased fear response to it). Several studies, in both humans and rodents, have found a role for sleep, and especially REM sleep, in consolidating the memory of fear extinction (Fu et al., 2007; Melo & Ehrlich, 2016; Menz et al., 2016; Pace-Schott et al., 2014; Spoormaker et al., 2010 Spoormaker et al., , 2012 Straus, Acheson, Risbrough, & Drummond, 2017) . Pace-Schott et al. (2009) did not find sleep to consolidate extinction learning more than wake but found sleep to decrease responses to an unextinguished CS+ . In a rodent study, Fu et al. (2007) found impaired retention of extinction learning after REM deprivation for cued, but not for contextual, fear learning and see also Ai et al. (2015) and Menz et al. (2013) for two human studies not finding an effect of sleep on the retention of extinction learning. Even though an extinguished CS+ is not the same thing as a CS− that is never reinforced with an aversive stimulus in the first place, this literature still argues for a role of sleep in consolidating memories for which stimuli that should be considered safe.
Regarding studies specifically examining the effects of sleep on the generalization of emotional learning, one study found sleep deprivation to lead to less generalization of fear responses from video clips of motor vehicle accidents to video clips containing normal traffic situations (Kuriyama, Soshi, & Kim, 2010) . It has further been found that sleep after exposure therapy against spider phobia helped to generalize the decrease in fear responses from the spider used during the exposure session to a novel spider not seen before (Pace-Schott, Verga, Bennett, & Spencer, 2012) .
The present study used a paradigm for studying generalization of fear learning developed by Lissek et al. (2008) . The acquisition phase consists of a small and a large circle, where one of these functions as the CS+ and the other one as the CS−. The re-test consists of viewing the CS+ and the CS−, as well as eight novel circles that gradually vary in size between them. This paradigm allows for studying the generalization of fear learning on a gradual scale where the stimuli only vary in one dimension (size). By having participants either sleep or remain awake in the delay interval between the acquisition phase and the retest, it is possible to study if sleep and wake during the delay interval differently affect both the retention and the generalization of fear learning. In a previous study from our group using a nap design (Davidson et al., 2016) , we found no differences in either retention or generalization of fear learning between the sleep and the wake group, and no correlation between REM sleep duration and differences in fear responses between the CS+ and the CS−. In the present study, the aim was to examine this using the same design again with a more aversive stimulus as the unconditioned stimulus (an electric shock instead of the aversive sound used in the previous study). We also added a novel geometrical shape (a blue triangle) during the re-test, in order to assess potential differences in general psychophysiological reactivity after the delay interval. Considering that sleep has previously been found to both lead to a more differentiated fear response between the CS+ and the CS− (Menz et al., 2013 (Menz et al., , 2016 as well as in increased generalization of emotional learning (Kuriyama et al., 2010; Pace-Schott et al., 2012) , we did not have a directed hypothesis. Instead, we had an open-ended hypothesis where sleep could be expected both to consolidate the differentiation learned during the acquisition phase, but also to increase generalization of the conditioned responses to the CS+ to similar stimuli. Increased generalization would be expressed as a smaller difference in responses between the CS+ and the CS− (i.e. less specificity). Further, it would also be expressed as a tendency to show fear responses also to the novel generalization stimuli with relatively less visual similarity to the original CS+ (i.e. it would require larger size differences for the fear responses to become significantly smaller than to the CS+). Given the findings indicating REM sleep to be involved in the consolidation of both fear and safety learning, we also wanted to test if there was a correlation between time spent in REM sleep and the difference in responses between the CS+ and CS−.
Method

Participants
Initially 52 healthy participants (28 female) were recruited. Inclusion criteria for participating in the study were being between 18 and 35 years old, being free from psychiatric and sleep disorders and not taking any prescription medication known to affect sleep. Participants also had to declare that they had slept for at least six hours per night during the five nights preceding the study, and for at least seven hours during the last night before participating. During the day of the study, participants were not allowed to consume any caffeine, alcohol or nicotine.
The experimental procedures had been approved by the local ethics review board (Lund 2013/696) and followed the guidelines of the Helsinki declaration. Participants received 400 SEK (approx. €40) and lunch as compensation.
One participant withdrew his participation during the study and one experimental session had to be aborted due to a power failure at the lab. Additionally, six participants were excluded from the analysis on the account of being non-responders (not having one single physiological fear response above 0 to any of the trials during the re-test). Five of these participants were in the wake group and one in the sleep group. Analyzing the number of responses during the acquisition phase revealed that the excluded participants had significantly fewer responses already at this stage (M non-responders = 2.50, SD = 1.76, M responders = 14.10, SD = 7.75, t(54) = 3.63, p = .001). Therefore, we believe that these participants were different from those who were responders during the re-test already during the acquisition phase. We thus do not believe that the unequal distribution of non-responders between the experimental groups was caused by the experimental manipulation. One additional participant in the sleep group was excluded for having only eight minutes of total sleep time (TST) during the nap.
We initially aimed to analyze our data in two different ways. Primarily, in order to examine the effect of sleep on the retention of fear learning, we only wanted to include participants who had actually acquired a differentiated fear response (larger responses to the CS + compared to the CS−) during the acquisition phase. In order to exclude as few participants as possible, we kept all participants whose average response to the CS+ was at least 0.01 μS larger than their average response to the CS−. Excluding participants using this criterion has previously been done by for example He et al. (2015) and Raio, Brignoni-Perez, Goldman and Phelps (2014) . Ten participants were excluded for this reason. Excluding participants who had not acquired a differentiated fear response during the acquisition phase resulted in more participants that would later be randomized into the wake group being excluded. Therefore, in order to make sure that we had groups of equal size, we recruited additionally six participants to the wake group (out of which four acquired a differentiated fear response during the acquisition phase).
Secondarily, we also wanted to examine the effect of sleep in all participants, that is, also including participants who had not acquired a differentiated fear response during the acquisition phase. When including all participants however, we found that there was a group difference in the degree of differentiated fear acquisition already during the acquisition phase (for the main effect of Group, F(1, 47) = 8.14, p = .006, for the interaction effect of Group and CS, F(1, 47) = 5.85, p = .02). With the groups being different in the degree to which they had acquired a differentiated fear response between the CS+ and the CS− already at this stage, it was not meaningful to go on and analyze data from all participants for the re-test. This is because it would not be possible to determine if any potential group differences during the retest would be caused by the presence of sleep or wake during the delay interval, or if they were present already during the acquisition phase. Thus, we only analyzed data from the participants that had actually acquired a differentiated fear response during the acquisition phase.
In the final sample, the wake group consisted of 16 participants (6 female, mean age = 23.88, SD = 3.76) and the sleep group consisted of 17 participants (7 female, mean age = 24.35, SD = 3.00).
Procedure
Before the day of the study, participants filled in the informed consent form and completed an online questionnaire containing the trait part of the State Trait Anxiety Inventory (STAI-T; Spielberger, 1983) , the Fear Questionnaire (FQ; Marks & Mathews, 1979) , the Penn State Worry Questionnaire (PSWQ; Meyer, Miller, Metzger, & Borkovec, 1990 ) and the Hospital Anxiety and Depression Scale (HADS; Zigmond & Snaith, 1983) . These questionnaires were included because previous studies have found these mood factors to be related to personal differences in the acquisition of differentiated fear responses (Gazendam, Kamphuis, & Kindt, 2013; Otto et al., 2007; Vriends et al., 2011) , but see also Barrett and Armony (2009) who found an effect of trait anxiety only during fear extinction and not during acquisition, Baas (2013) , who found trait anxiety to be related to contextual, but not to cued fear learning, and Torrents-Rodas et al. (2013), who found no effect of trait anxiety on either acquisition or generalization of fear learning, using the same paradigm as we used in this present study.
On the experimental day, participants arrived at the lab at 10:30 am. They first completed the Karolinska Sleepiness Scale (KSS; Åker-stedt & Gillberg, 1990) and after that an unrelated memory task, the Behavioral Pattern Separation Task -Object version (BPS-O; Stark, Yassa, Lacy, & Stark, 2013) , of which the results will be reported elsewhere. The procedure then consisted of three steps; fear acquisition, a delay interval consisting of either sleep or wake and the re-test. An overview of the procedure is depicted in Fig. 1 .
Acquisition
The fear acquisition began at approximately 11 a.m. Before this stage, participants individually set the strength of the electric shock to a level where it was experienced as "annoying but not painful". The groups did not differ in shock strength, (t(31) = 1.07, p = .30). Participants were informed that they were going to view geometrical shapes on a screen, and that they at certain points would receive electric shocks. Participants were asked to carefully attend to what was happening on the screen, and told that they would later be asked questions about what they had seen. They were especially told to attempt to see if they could determine which stimulus that was paired with the electric shock.
During the acquisition phase, participants were exposed to 13 images of a small circle and 13 images of a large circle. The circles were white and presented on a black background. The small circle had a diameter of 5 cm and the large circle had a diameter of 11.75 cm. The stimuli were presented using the E-prime software (Psychology Software Tools). Each image was shown for six seconds with an interstimulus interval (ISI) randomized between 25 and 30 s during which a fixation cross was shown on the screen. At the offset of 10 of the 13 presentations of one of the circles (counterbalanced across participants), an electric shock with a 20 ms duration was delivered to the back of the ring finger of the participant's non-dominant hand, making it the CS+ . The shocks were delivered using a Grass SD 9 stimulator (Grass-Telefactor). The other circle, the CS−, was never paired with the electric shock. The stimuli were divided into three blocks each containing 4 CS−, 3 reinforced CS+ and 1 unreinforced CS+ . Stimuli within each block were shown in a randomized order. After the three blocks, there was always one additional CS− followed by a reinforced CS+, in order to make sure that the last trial was always reinforced so that no extinction learning would have begun already at this point. In total there were 26 trials. Fear responses were measured through Skin Conductance Responses (SCRs).
Sleep/wake
After the acquisition phase, participants completed the state part of the State Trait Anxiety Inventory (STAI-S; Spielberger, 1983) . This was also completed after the delay interval, in order to control that potential differences in state anxiety caused by sleep or wake would not confound the results.
Participants were then randomly divided into either the sleep or the wake condition. The last six participants were however predetermined to be in the wake group in order to balance the size of the groups. These participants were not aware of this themselves. They were still blind to which group they would belong to up until this point, even though the experimenter was not blind for these last six participants. Participants in the wake group then had a 40 min break and participants in the sleep group were equipped with the polysomnography. Then lunch was served to all participants, after which participants in the wake group spent two hours passively resting in a comfortable chair during which they were not allowed to read or use their laptops or cell phones. The rationale for this was that we wanted the wake group to be exposed to as little interference and novel information as possible during the delay interval to make it more comparable to the sleep group in that aspect. The experimenter entered the room every 15 min in order to control that the participants had not fallen asleep. Participants in the sleep group had a two hour sleep opportunity in the sleep lab. The sleep/wake session began at 12:25p.m. ± 10 min. When two hours had passed, both groups had a 15 min break before the testing resumed in order to reduce sleep inertia in the sleep group. Participants then completed the KSS and the STAI-S one additional time.
Re-test
The re-test began at approximately 14:40 ± 10 min. During the retest, 11 different stimuli were shown. The stimuli consisted of the CS + and the CS−, as well as eight novel circles that gradually varied in size between them. For the subsequent data analysis, these circles were divided into classes so that the two circles the most similar to the CS + were called class 4, the two circles the most similar to the CS− were called class 1 and the intermediate circles were called class 2 and 3 respectively. In addition to this, and different from other studies using this paradigm, we also added a blue triangle which base had the length of the mean diameter of circle 5 and 6 (so that the triangle would be of average size, given that fear relevance in this paradigm is determined by stimulus size). The triangle was included because we wanted a shape with no prior fear relevance to be able to examine if sleep affected general psychophysiological reactivity. The stimuli were divided into two blocks containing two CS+, two CS−, two triangles and two stimuli from each of the intermediary classes. Stimuli within each block were shown in a pseudo-randomized order so that one stimulus from each class had to have been presented before a stimulus from the same class could be shown again. In total four stimuli from each class (CS−, CS+, the triangle and the four intermediary classes) were presented, making it a total of 28 trials. Trial duration and ISI were the same as during acquisition. No electric shocks were delivered during the re-test, in order to avoid novel fear learning during this stage. Participants received the same instructions as before the acquisition phase and were connected to the stimulator. Fear responses were once again measured through SCRs.
After the re-test, participants were presented with all the stimuli from the re-test once again and were asked to use the keyboard to rate the degree of "unpleasantness" that they associated with each geometrical shape on a scale from 1 ("no unpleasantness at all") to 5 ("a very high degree of unpleasantness"). Two CS+, two CS−, two triangles and the two circles of each intermediary class were shown. The stimuli were shown in a pseudo-randomized order so that one geometrical shape from each class had to have been presented before a stimulus from that class could be shown again. Each trial lasted until the participant had responded, and the ISI was 4 s. No electric shocks were delivered during this stage and participants were not connected to the stimulator. Data were analyzed using the mean subjective response to each class.
Psychophysiological recordings and analysis
Skin conductance levels were recorded with a sample rate of 1000 Hz using a Biopac MP150 system (Biopac Systems) with the Acqknowledge software version 4.2 (Biopac Systems). Two Ag-AgCl electrodes were placed on the palmar surface of the index and middle finger of the participant's non-dominant hand. We used a high-pass filter set at 0.05 Hz and a low-pass filter set at 1 Hz.
The SCR to each trial was calculated by subtracting the average level 2 s before stimulus onset from the peak level 1-6 s after stimulus onset. Responses below 0.01 μS were scored as 0. In order to control for individual differences in responses between participants, the score for each trial was divided with the maximum response for that participant to any of the trials during the current session (acquisition and re-test respectively) (Lykken & Venables, 1971) .
Data from the acquisition were divided into four different blocks of three trials for each stimulus so that the analysis included averaged values for trial 2-4, 5-7, 8-10 and 11-13 for each stimulus respectively (excluding data from the first presentation of each CS because the shock contingency could not yet have been learned at this point).
Responses during the re-test were defined as the average value of the four presentations from the same class; the CS+, the CS−, the triangle and the four intermediate classes respectively.
In order to make data approach a normal distribution, all averaged values were logarithmized (ln). In order to be able to logarithmize responses scored as 0, a constant of 1 was added to all values before logarithmizing.
Interactions of Group and CS were tested with Mixed factor ANOVAs. For these tests, Greenhouse-Geiser corrections were used when data violated assumptions of sphericity. For correlations containing variables that were not normally distributed, Spearman's Rho was used.
Polysomnography
Polysomnography (PSG) recordings were carried out using an Embla Titanium (Embla Systems) with a sampling rate of 256 Hz with F3, F4, C3, C4, O1 and O2 all referenced to the contralateral mastoid. Electrooculography was carried out using one electrode placed above the right ocular canthus and one placed below the left ocular canthus. Electromyography was recorded by means of two submental electrodes.
Sleep was scored according to the manual of the AASM (Iber, Ancoli-Israel, Chesson, & Quan, 2007) by the first author, who is a trained scorer, as well as by a second scorer who is a professional sleep technician. The first author was blind to the SCR data while scoring the PSG data and the second scorer was blind to the study design altogether. Disagreements between the scorers were settled by following the interpretation of the second scorer. Epochs with an arousal lasting for the majority of the 30 s were scored as wake.
Results
Sleepiness and mood scales
Mean scores for sleepiness at the two different time points and the mood scales are presented in Table 1 . One participant in the sleep group did not complete the first STAI-S and thus scores on that variable were based on n = 32. One participant had not responded to one of the items on the second STAI-S. The value of this item was replaced with the mean value of that participant's responses to all the other items.
The KSS data were analyzed with a 2 × 2 Mixed ANOVA with Time (First KSS, Second KSS) as a within-subject factor and Group (Sleep, Wake) as a between-groups factor. Results revealed that participants were significantly sleepier after the delay interval compared to at the beginning of the morning session, as evident by a main effect of Time, F (1, 31) = 24.35, p < .001. There was no main effect of Group, F (1, 31) = 1.23, p = .27, and no interaction effect of Time and Group, F (1, 31) = 0.11, p = .74, indicating that the increase in sleepiness between sessions was equivalent for both groups.
The STAI-S was analyzed in the same way. Results revealed that participants were significantly less anxious after the delay interval compared to at the end of the morning session, as evident by a main effect of Time, F(1, 30) = 10.13, p = .003. There was no main effect of Group, F(1, 30) = 1.32, p = .26, and no interaction effect of Time and Group, F(1, 30) = 0.47, p = .50, indicating a similar decrease of anxiety in both groups.
There was a tendency towards participants in the sleep group having higher scores on the PSWQ, t(31) = 1.76, p = .088. Therefore, scores on this scale were added as a covariate in all analyses regarding the acquisition, retention and generalization of fear learning. There were no significant group differences on any of the other mood scales, all ts ≤ 1.32, all ps ≥ .20.
Skin conductance responses
Acquisition
Results from the acquisition phase revealed a main effect of CS, F (1, 31) = 72.10, p < .001, ƞ 2 = .69, with larger responses to the CS + compared to the CS−. There was a tendency towards a main effect of Trial, F(1.88, 93) = 3.00, p = .060, η p 2 = .09. Post-hoc contrasts revealed this tendency to be linear, with decreasing responses as a function of trial, F Linear (1, 31) = 3.96, p = .055, η p 2 = .11. There was no interaction between Trial and CS, F(3, 93) = 1.61, p = .19, indicating equal habituation to both stimuli. There was no main effect of Group, F (1, 31) = 1.84, p = .18, and no interaction between Group and CS, F (1, 31) = 1.89, p = .18, indicating equal fear acquisition in both groups. There was no interaction effect of Group and Trial, F (3, 93) = 0.15, p = .93, indicating equal habituation in both groups, and no three-way interaction of CS, Group and Trial, F(3, 93) = 1.56, p = .21. These results are displayed in Fig. 2 (for a graph displaying these results for the wake and the sleep group separately, see Supplementary Fig. S1 ).
Adding the PSWQ as a covariate resulted in the main effect of CS only being marginally significant, F(1, 30) = 4.05, p = .053, η p 2 = .12.
All other effects remained the same. There was no difference between the groups in the number of responses larger than 0 (sleep group mean = 16.53 (SD = 6.50), wake group mean = 13.31 (SD = 6.79), t(31) = 1.30, p = .17).
Difference between the CS+ and the CS− during the re-test
The difference between the CS+ and the CS− during the re-test was analyzed using a Mixed 2 × 2 ANOVA with Group as a between-groups factor and CS (CS+, CS−) as a within-subject factor. Results revealed no main effect of CS, F(1, 31) = 1.37, p = .25, indicating that for all participants combined, the CS+ did no longer elicit larger fear responses than the CS−. There was no main effect of Group, F (1, 31) = 0.47, p = 0.83. There was, however, a significant interaction effect between Group and CS, F(1, 31) = 6.07, p = .02, η p 2 = .16. Post hoc paired sample t-tests for each group separately revealed that in the wake group, there was a significantly larger response to the CS + compared to the CS−, t(15) = 2.76, p = .015 whereas no such difference was evident in the sleep group, t(16) = −0.87, p = .40. These results are displayed in Fig. 3 . Adding PSWQ as a covariate revealed similar results, with no main effect of CS, F (1, 30) = 1.82, p = .19, no main effect of Group, F (1, 30) = 1.83, p = .28, but an interaction effect between CS and Group, F(1, 30) = 8.71, p = .006, η p 2 = .23. There was a tendency towards a main effect of PSWQ, F(1, 30) = 2.91, p = .098, η p 2 = .09, indicating a trend towards higher scores on the PSWQ being related to increased responses in general. There was also a tendency towards an interaction effect of CS and PSWQ, F(1, 30) = 3.05, p = .091, η p 2 = .09, indicating a tendency towards higher scores on the PSWQ being associated with a larger difference in responding between the CS+ and the CS−.
Changes between acquisition and re-test
Changes in responses to the CS+ and the CS− respectively during the delay interval were calculated by subtracting the average response to the last three trials during acquisition from the average response during the re-test. A 2 × 2 Mixed ANOVA with CS (Change to the CS−, Change to the CS+) as a within-subject factor and Group as a betweensubject factor revealed a main effect of CS, F(1, 31) = 8.69, p = .006, η p 2 = .22, no main effect of Group, F(1, 31) = 0.18, p = .68, and an interaction effect of CS and Group, F(1, 31) = 16.07, p < .001, η p 2 = .34. Post hoc paired sample t-tests revealed that this effect was driven by a decrease in responses to the CS+ in the sleep group, t (16) = 2.61, p = .02 and an increase in responses to the CS−, t (16) = −2.28, p = .037, whereas there were no changes in the wake group to either the CS+, t(15) = −0.42, p = .67 or to the CS−, t (15) = 0.23, p = .82. These results are displayed in Fig. 4 . Adding the PSWQ as a covariate removed the significant main effect of CS whereas the interaction effect of CS and Group remained significant, F(1, 30) = 13.57, p = .001, η p 2 = .31.
Conducting the same analysis using only the first presentations of the CS+ and the CS− respectively during the re-test, controlling for PSWQ, revealed similar results. There was no main effect of CS, F (1, 30) = 0.80, p = .78, no main effect of Group, F(1, 30) = .018, p = .89, and a significant interaction of CS and Group, F(1, 30) = 8.64, p = .006, η p 2 = .22. Post hoc paired sample t-tests revealed that responses to the CS− significantly increased during the delay interval in the sleep group, t(16) = −4.28, p = .001, whereas responses to the CS + remained the same, t(16) = 1.67, p = .12. In the wake group, there were no changes to either the CS−, t(15) = 0.81, p = .43, or the CS+, t (15) = −0.27, p = .79.
Generalization
Generalization of fear learning was analyzed with a 6 × 2 factor Mixed ANOVA with CS (CS−, Class 1, Class 2, Class 3, Class 4 and CS +) as a within-subject factor and Group as a between group factor. Results revealed a main effect of CS, F(5, 155) = 3.14, p = .01, η p 2 = .09. Post-hoc contrasts revealed this effect to be quadratic, Even though there was only a tendency towards a significant interaction effect of CS and Group, and that this was present only when controlling for baseline differences in worry, we performed separate exploratory Repeated Measures ANOVAs for each group with CS as a within-subject factor. The ANOVA for the sleep group revealed no main effect of CS, F(5, 80) = 0.08, p = .78. Post hoc t-tests revealed that responses to the CS+ did not significantly differ compared to responses to any of the other classes of circles, all ts between −0.87 and 1.34, all ps ≥ .20.
The ANOVA for the wake group revealed a main effect of CS, F (5, 75) = 3.56, p = .006, η p 2 = .19. Post hoc contrasts revealed this effect to be quadratic, F Quadratic (1,15) = 6.02, p = .03, η p 2 = .29. Post hoc paired sample t-tests revealed that responses to the CS+ were significantly larger compared to the CS−, Class 1, Class 2 and Class 3, all ts ≥ 1.16, all ps ≤ .015, but not compared to Class 4, t(15) = 1.16, p = .26. Responses to Class 4 were only significantly larger than responses to Class 3 and Class 2, both ts ≥ 2.13, both ps ≤ .050, but not larger than to the CS− or to Class 1, both ts ≤ 1.61, both ps ≥ .127. The mean number of trials to which participants had a response over 0 was 10.63 (SD = 6.99) for the wake group and 14.24 (SD = 7.50) for the sleep group. This difference was not significant, t (31) = 1.43, p = .16. The number of responses for the first and second half of the re-test separately (Wake group: First half mean = 6.37 (SD = 3.96), second half = 4.25 (SD = 3.64), Sleep group: First half = 8.35 (SD = 3.87), second half = 5.88 (SD = 4.00)) was analyzed with a 2 × 2 ANOVA with Half (First, Second) as a within-subject factor and Group as a between-subject factor. This revealed a main effect of Half, with more responses during the first half compared to during the second half of the re-test, F(1, 31) = 23.46, p < .001, η p 2 = .43, but no interaction effect of Half and Group, F(1, 31) = 0.13, p = .72, indicating an equivalent decrease in both groups. Data for each stimulus class divided by trial for the sleep and the wake group separately is presented in Supplementary Fig. S2 . 
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Neurobiology of Learning and Memory 151 (2018) 18-27 3.2.5. Correlations with the mood scales There was a tendency towards a correlation between differences in SCRs to the CS+ and the CS− during the acquisition phase and scores on the first STAI-S, r = .35, p = .051. There were no other significant correlations between any of the mood scales and differences between the CS+ and the CS− during either acquisition or the re-test, all ps ≥ .17.
Reactivity to the novel stimulus
Reactivity to the novel stimulus, the blue triangle, was analyzed through a t-test considering that we could not enter it into the Mixed ANOVA with all stimuli given that we did not know where it would be placed when we wanted to test if there was a linear effect. The groups did not differ in SCRs to the triangle, t(31) = 0.75, p = .46. Surprisingly, considering that it had no prior fear relevance, SCRs to the triangle were nominally larger compared to responses to all other stimuli in both groups. In the wake group, the response to the triangle was significantly larger than the responses to the CS−, Class 1, Class 2 and Class 3, all ts ≥ 2.95, all ps ≤ .01, but not to Class 4 or to the CS+, both ts ≤ 1.64, both ps ≥ .12. In the sleep group, responses to the triangle were significantly larger than to all other stimuli, all ts ≥ 2.30, all ps ≤ .034. See Fig. 5 for a display of responses to the triangle compared to the other classes of stimuli.
Polysomnography results
Sleep statistics are presented in Table 2 . There were no significant correlations between TST or time or percentage of time spent in any sleep stage and the difference in SCRs between CS+ and the CS− during the acquisition phase.
There was a tendency towards a significant correlation between TST and the difference in SCRs between the CS+ and the CS− during the re-test, r s = .45, p = .067. This tendency towards significance did however disappear after controlling for multiple tests. There were no significant correlations between time or percentage of time spent in any sleep stage and the differences in SCRs between the CS+ and the CS− during the re-test.
No sleep variable was correlated with changes in reactivity to either the CS+ or the CS− between the acquisition phase and the re-test.
Subjective ratings
Subjective ratings were analyzed with a 6 × 2 Mixed ANOVA with CS (CS−, Class 1, Class 2, Class 3, Class 4, CS+) as a within-subjects factor and Group as a between-groups factor. Results revealed a main effect of CS, F(2.32, 155) = 46.95, p < .001, η p 2 = .60. Post hoc contrasts revealed this effect to be cubic, F Cubic (1, 31) = 4.34, p = .046, η p 2 = .12. Post hoc t-tests revealed that the CS+ was rated as significantly more unpleasant than Class 4, Class 4 as more unpleasant than Class 3, Class 3 as more unpleasant than Class 2 and Class 2 as more unpleasant than Class 1 (all ts ≥ 2.20, all ps ≤ .035). Class 2 was only rated as more unpleasant than the CS− at a trend level, t (32) = 1.84, p = .075, and there was no difference in ratings of Class 1 compared to the CS−, t(32) = 0.20, p = .85. There was no main effect of Group, F(1, 31) = 0.34, p = .56, and no interaction effect of CS and Group, F(2.32, 155) = 1.95, p = .14, indicating that generalization of subjective ratings of unpleasantness were not differently affected by sleep or wake. These results are displayed in Fig. 6 . Adding PSWQ as a covariate in this analysis did not change the significance of any of these effects.
There was no group difference in subjective ratings of the triangle, t (31) = 0.31, p = .76. Combining data from both groups revealed that the triangle was rated as significantly less unpleasant than the CS+ and Class 4, both ts ≥ 4.87, both ps ≤ .001. There was a tendency towards the triangle being rated as less unpleasant than Class 3, t(32) = 2.02, p = .052. Unpleasantness ratings for the triangle did not differ from ratings of the CS−, Class 1 or Class 2, all ts ≤ 1.66, all ps ≥ .11.
Discussion
The main aim of this study was to examine how sleep compared to wake affected the retention and generalization of fear learning. The main finding was that after the delay interval, the wake group still showed significantly larger responses to the CS+ compared to the CS−, whereas no such difference was evident in the sleep group. This is in contrast with previous studies (Menz et al., 2013 (Menz et al., , 2016 ) that have found sleep compared to wake to result in an increase in the difference in responses between the CS+ and the CS−. In the Menz et al. (2013) study, the effect was driven by sleep, and especially REM sleep, decreasing fear responses to the CS− but maintaining them for the CS+ . In this present study, it is more difficult to say if the effect was driven by participants in the sleep group being more or less afraid of both stimuli, considering that there were no group differences in responses to either the CS+ or the CS−, only in the difference between them. The effect was not driven by a general difference in reactivity, as evident by the lack of a difference in fear responses to the novel stimulus which had no prior fear relevance, and the lack of a main effect of Group regarding general reactivity. This would indicate that the lack of a differentiated fear response in the sleep group was not driven by forgetting of the fear learning situation and a lack of fear responses altogether, just that their fear responses were differently distributed among the stimuli. That the effect in the sleep group was not driven by a general absence of fear during the re-test is further strengthened by the finding that their responses to the CS− actually increased between the last trials of the acquisition phase and the re-test.
The lack of a differentiation between the CS+ and the CS− in the sleep group might implicate that sleep right in the aftermath of a negative experience could have aversive effects through resulting in overgeneralization of the fear responses triggered by the aversive experience. This could mean that in the future, less similarity to the original situation will be sufficient to trigger a fear response. One should of course be careful in over-interpreting these results considering the . Average subjective ratings of unpleasantness (Mean ± S.E.M.) for the sleep and the wake group.
P. Davidson et al. Neurobiology of Learning and Memory 151 (2018) 18-27 previous contrasting findings within the literature. The results are however consistent with previous studies examining the effect of sleep on the generalization of emotional learning (Kuriyama et al., 2010; Pace-Schott et al., 2012) . The Pace-Schott et al. (2012) study also showed that it is not just negative experiences that can be generalized through sleep, but also positive ones, such as the gains from exposure therapy.
The absence of a differentiation in fear responses between the CS + and the CS− in the sleep group could be explained by several different processes that are not mutually exclusive. One possible explanation is that sleep leads to gist abstraction at the expense of memory for the exact details. This would mean that participants in the wake group who had the large circle as the CS+ would consider the large circle do be dangerous and the small circle to be safe whereas participants in the sleep group would instead assume that all circles could potentially be dangerous, because they would not remember the details of exactly which circle size that predicted the shock. This would also explain why sleep actually increased responses to the CS− and decreased them to the CS+ compared to during the last trials of the acquisition phase. Impaired explicit memory is however a less credible explanation in this study considering that both groups showed clear differences in subjective unpleasantness ratings between the CS+ and the CS−, and that the ratings of the novel circles not seen during the acquisition phase linearly increased similarly in both groups as a function of similarity to the CS+ . This suggests that the groups did not differ in the degree of awareness of which stimulus that had previously been paired with the shock. This is also in line with the findings of Kuriyama et al. (2010) who did not find any group differences in explicit memory. It should be mentioned, however, that the subjective ratings in our study were not a memory test per se, and that this test was performed after the session that measured physiological fear responses, which also functioned as extinction training due to the absence of electric shocks during that stage. It is of course possible that there would have been a group difference also in subjective ratings if these had been assessed during the same session as the physiological fear responses. This could perhaps also explain the discrepancy between the SCRs and the subjective ratings for the novel triangle. During the retest, the novelty and thus its ambiguous fear relevance, could explain why it elicited a large SCR. When making the subjective ratings however, it had become clear to the participants that the triangle was not associated with any electric shocks and thus it was rated as having a relatively low degree of unpleasantness.
Because both the CS+ and the CS− were present during the acquisition phase, another explanation might be that the lack of difference between these two stimuli in the sleep group was caused by contextual generalization. Even though participants after the nap knew which stimulus that had previously served as the CS+ and the CS− respectively, they still had a fear response to the CS− because it had been present during the acquisition phase, and was therefore associated with fear because of the aversive nature of that session. This would argue that sleep is a state where such contextual generalization, where fear responses from one stimulus is spread to other stimuli that has been encountered in close temporal proximity to it, is more likely to occur than during wake. This interpretation is in line with the findings of Kuriyama et al. (2010) who found that subjective fear responses had been generalized to images from video clips that came from normal traffic situations that had been shown during the same session as video clips of motor vehicle accidents, but not to images from novel traffic situations that had not been seen before.
A third explanation is that there were no differences in explicit recall, but that the wake participants were somehow still more likely to think that "this stimulus looks like something that has previously been associated with danger, therefore it might be associated with danger as well" or "this looks like something that was previously safe, therefore it is probably safe as well". For some reason, this was not the case in the sleep group, who were in general worse at determining fear relevance based on predictions related to experiences during the acquisition phase, even in the absence of group differences in explicit recall. This would imply that the effect is driven by sleep allowing for making broader generalizations based on previous learning, and thus that sleep allows for adapting the memory in a more flexible manner, and that this process is not related to differences in explicit recall. Another explanation in accordance with this could be that sleep did not affect the memory of the fear acquisition differently than time spent awake, but instead that sleep increased cognitive flexibility and thus allowed for novel learning during the re-test in a way that wake did not. During the re-test, there were no electric shocks delivered which means that all stimuli could be considered to have equal fear relevance, which the sleep group perhaps was more able to learn. This should however also have resulted in increased extinction learning in the sleep group as well as in smaller responses to all stimuli in these participants because of an increased ability to understand that all the stimuli should be considered as safe during this stage, which was not the case.
The results when adding the novel circles not seen before are in accordance with decreased discrimination of responses after sleep, even though one should be careful when interpreting these results considering that they were only significant at a trend level and only present when controlling for differences in worry. In the wake group, there was a linear effect of CS with fear responses increasing as a function of similarity to the CS+, whereas no such effect was evident in the sleep group. The wake group showed large fear responses to the original CS +, as well as to the class the most similar to it, but then significantly smaller responses to all other classes (even though one has to be careful when claiming that there was a generalization of fear learning also to Class 4 given that responses to the circles in this class were not significantly larger than responses to the CS−). In the sleep group, responses to the CS+ were not significantly larger than responses to any other stimulus. Once again, the lack of a main effect of Group, as well as the lack of a group difference in reactivity to the novel stimulus indicates that this effect was not driven by general lower emotional reactivity in the sleep group. Instead, the effect was driven by a tendency towards different distribution of responses after sleep, with CS+ similarity not being a predictor of the degree of physiological fear responding. Even though the interaction between CS and Group was not significant, the results of the separate within-group analyses still revealed a distinct difference in the distribution of responses. While this finding should be considered exploratory for now, it could potentially be important should it be replicated in future studies with larger sample sizes.
Unlike several previous studies (Marshall et al., 2014; Menz et al., 2013; Pace-Schott et al., 2014; Spoormaker et al., 2010 Spoormaker et al., , 2012 , we did not find REM sleep to be involved in the consolidation of fear or safety learning. However, there are other studies not finding a correlation between REM sleep and fear learning retention (Davidson et al., 2016; Menz et al., 2016) and thus, the precise effect of REM sleep remains inconclusive.
Our data showed no support for group differences in extinction learning or habituation during the re-test, as evident by the lack of a difference in the decrease of the number of responses between the first and the second half of trials. Given that we had a larger number of different stimuli than other studies, one can however not draw too many conclusions from this because it was not what the design was optimized to measure.
A potential limitation was that the re-test took place only 15 min after the end of the sleep/wake stage. This was possibly not a sufficient amount of time to reduce the effects of sleep inertia. There were however no group differences in sleepiness when it was assessed right before the re-test, which argues that sleep inertia did not affect the difference in fear retention.
A surprising finding was the large responses to the novel triangle that had no prior fear relevance. Responses to this stimulus were larger than responses to most other stimuli, that is, the fear responses caused by the acquisition phase before the delay interval was not stronger than the novelty responses caused by the novel triangle during the re-test. However, the aim of the study was to examine differences between the different generalization stimuli, which the method showed sufficient to do, even though the fear manipulation was perhaps not strong enough to result in stronger responses to these compared to a novel stimulus for which there were no clues about its fear relevance. Still, including the novel triangle allowed us to further assure that the groups did not differ in general reactivity.
An important strength in the present study was the extensive control for various mood scales that previously have been found to be related to differences in fear conditioning and extinction. Hopefully, this could be done in other studies as well in order to control for potential group differences that might otherwise confound the results. There was a correlation between the first STAI-S and the difference in responses to the CS+ compared to the CS− during the acquisition phase. However, because we did not have a baseline STAI-S before acquisition, this design did not allow us to say anything about the causality of this, meaning that we do not know if high state anxiety makes one more probable to acquire a differentiated response, or if the acquisition of the differentiated response caused the increase in state anxiety. No other mood scales correlated with the difference between the CS+ and the CS− during either test session even though there was a tendency of the PSWQ to increase this differentiation during the re-test when it was added as a covariate when analyzing fear learning retention.
Conclusions
In summary, this study found that a nap after fear learning reduced the difference in responding between the CS+ and the CS− whereas this difference was preserved in the wake group. The absence of a difference after sleep was not driven by a general decrease in reactivity in the sleep group but instead by their responses being less specific, with an increase of responses to the CS− and a decrease to the CS+ . This argues for a more generalized response in the sleep group. Subjective ratings did not support that this was driven by less explicit recall of which circle that had previously been associated with the shock and which that had not. These results are in line with previous studies finding that sleep is involved in generalizing emotional responses to stimuli that have not been directly associated with an emotional experience. This could perhaps be an argument for that sleep should be avoided right in the aftermath of a negative emotional experience because it risks increasing fear responses also to stimuli that are not actually associated with danger. Other studies have however found opposite results, with sleep increasing the difference between the CS+ and the CS−. Therefore it is too early to draw any conclusions before replicating these effects in further studies using larger sample sizes, overnight designs allowing for more time spent in REM sleep, as well as testing what happens with these effects after extended periods of time.
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